Aims. This work reports radiative transition rates and electron impact excitation rate coefficients for levels of the n= 3, 4, 5, 6, 7, 8 configurations of Ca ii. Methods. The radiative data were computed using the Thomas-Fermi-Dirac central potential method in the frozen core approximation and includes the polarization interaction between the valence electron and the core using a model potential. This method allows for configuration interactions (CI) and relativistic effects in the Breit-Pauli formalism. Collision strengths in LS-coupling were calculated in the close coupling approximation with the R-matrix method. Then, fine structure collision strengths were obtained by means of the intermediate-coupling frame transformation (ICFT) method which accounts for spin-orbit coupling effects. Results. We present extensive comparisons with the most recent calculations and measurements for Ca ii as well as a comparison between the core polarization results and the "unpolarized" values. We find that core polarization affects the computed lifetimes by up to 20%. Our results are in very close agreement with recent measurements for the lifetimes of metastable levels. The present collision strengths were integrated over a Maxwellian distribution of electron energies and the resulting effective collision strengths are given for a wide range of temperatures. Our effective collision strengths for the resonance transitions are within ∼11% from previous values derived from experimental measurements, but disagree with latter computations using the distorted wave approximation.
Introduction
Ca ii plays a prominent role in astrophysics. The so-called H and K lines of this ion are important probes of solar and stellar chromospheres (Rauscher & Marcy 2006) . In the red spectra of Active Galactic Nuclei (AGN) the infrared triplet of Ca ii in emission has been used to investigate the correlations with optical Fe ii (Joly 1989) and their implications on the physical conditions of the emitting gas (Ferland & Persson 1989) .[Ca ii] optical emission lines together with the infrared [Fe ii] are often used as probe of dust content of AGNs (Shields et al. 1999) .
Ca ii has been addressed by numerous theoretical and experimental groups. The lifetimes τ for the 4p
2 P o and 3d 2 D levels have been measured with high precision (Jin & Church 1993; Kreuter et al. 2005) . Various theoretical methods have been used in trying to match these experimental values. The most recent calculations of Liaw (1995) using the Brueckner approximation with third-order correction agree within ∼1% with the experimental life-⋆ The atomic data from this work, including energy levels, A-values, and effective collision strengths, is available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/. time for the 4p 2 P o levels but are ∼11% too small for the 3d 2 D metastable levels. The calculations of Kreuter et al. (2005) , using a relativistic all-order method which sums infinite sets of many-body perturbation theory terms, agree within ∼0.3% with the experimental lifetimes of the 3d 2 D metastable levels of Ca ii, but offer no data for other levels. Guet & Johnson (1991) computed lifetimes using relativistic many-body perturbation theory that agree within ∼2% with experimental values for the 4p 2 P o levels and within ∼6% for the metastable states. In the present work we use the Thomas-Fermi-Dirac central potential with core polarization interaction to provide a complete set of accurate A-values for allowed and forbidden transitions to be used in modeling Ca ii spectra.
Various calculations of collision strengths have been performed for the resonance transitions in Ca ii (see Zatsarinny et al. 1991; Chidichimo 1981; Kennedy et al. 1978; Saraph 1970) . Osterbrock & Wallace (1977) derived effective collision strengths from experimental cross sections of the resonance K and H lines of Ca ii at 3934 and 3968Å by Taylor & Dunn (1973) . Later, Zapesochnyǐ et al. (1975) published cross sections for exciting 5s and 4d levels from the ground state, which are important to estimate the contribution to the 4p level by cascade. Mitroy et al. (1988) presented a detailed study of the electron-impact excitation of the (4s-4p) transitions using the close-coupling approximation including a polarization potential. More recently Burgess et al. (1995) used a non-exchange distorted wave approximation including the lowest 7 Ca ii terms.
The IRON Project is an international enterprise devoted to the computation of accurate atomic data for the iron group elements (Hummer et al. 1993) . A complete list of publications from this project can be found at http://www.usm.uni-muenchen.de/people/ip/papers/papers.html. Within this project we have been systematically working on the data for the low ionization stages of iron peak elements, e.g. radiative and collisional rates for Fe i-iv (Bautista & Pradhan 1998) , Ni ii (Bautista 2004) , Ni iii (Bautista 2001) , Ni iv (Meléndez & Bautista 2005) . The objective of the present work is to provide accurate and complete atomic data for a detailed spectral modeling of Ca ii. Such a model should be large enough to account for various processes such as collisional excitation including cascades from high levels, fluorescence by line and continuum radiation, and line optical depth effects.
Atomic data

Atomic structure calculations
We use the atomic structure code AUTOSTRUCTURE (Badnell 1986 (Badnell , 1997 to reproduce the structure of the Ca ii ion. This code is based on the program SUPERSTRUCTURE originally developed by Eissner et al. (1974) , but incorporates various improvements and new capabilities like two-body non-fine-structure operators of the Breit-Pauli Hamiltonian and polarization model potentials. In this approach, the wave functions are written as configuration interaction expansions of the type:
where the coefficients c ji are determined by diagonalization of ψ i | H | ψ i . Here H is the Hamiltonian and the basic functions φ j are constructed from one-electron orbitals generated using the Thomas-Fermi-Dirac model potential (Eissner & Nussbaumer 1969) , including λ nl scaling parameters which are optimized by minimizing a weighted sum of energies. The basic list of configurations and scaling parameters used in this work are listed in Table 1 . Relativistic effects are included in the calculation by means of the Breit-Pauli operators in the form:
where H nr is the usual non-relativistic Hamiltonian and H bp is the Breit-Pauli perturbation, which includes oneand two-body operators (Jones 1970 (Jones , 1971 Eissner et al. 1974 ).
Model potential
In order to obtain accurate orbitals in our multiconfiguration frozen-core approximation we include the polarization interaction between the valence electron and the core in a model potential. We used a model potential V pol of the form described by Norcross & Seaton (1976) ; 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d, 5f, 5g, 6s, 6p, 6d, 6f, 6g, 7s, 7d, 7f, 7g, 8s, 8d, 8f where α d is the static dipole core polarizability of the ion Ca iii and ρ is adjusted empirically to yield good agreement with experimental energies. Waller (1926) using the "nonpenetrating" orbitals theory obtained α d = 3.31 for the d, f and g states. We adopt ρ = 2.25 the cut-off parameter. This yields accurate binding energies for the n=3,4,5,6,7 and 8 configurations of Ca ii. The expansion considered here for the Ca ii system includes 23 LS terms. Table 2 presents the complete list of states included as well as a comparison between the calculated and observed target term energies, averaged over fine structure. Here, we show the energies without polarization interaction (w/o PI) and those with polarization interac- Fig. 1. log gf V plotted against log gf L for transitions between energy levels. Panels (a) and (b) show the results computed without polarization interaction and with polarization interaction respectively tion (PI). It can be seen that the contribution of PI can reach up to 15%, especially for the lower energy terms.
In the calculation of radiative rates, fine tuning of eigenstates is performed with term energy corrections (TEC), where the improved relativistic wave function, ψ R i , is obtained in terms of the non-relativistic functions
with the LS energy differences
adjusted to fit weighted averaged energies of the experimental multiplets (Zeippen et al. 1977) .
In our best target representation, which accounts for the interaction between the valence electron and the core, the theoretical energies for all the 23 terms are typically within 2% of the experimental values before any further empirical correction. After TEC, the agreement with experimental energies is better than 1%.
For dipole-allowed transitions, spontaneous decay rates are given by
while for forbidden transitions we consider electric quadrupole (E2) and magnetic dipole (M1) transition rates given by
and
Here, g i is the statistical weight of the upper initial level i, S ij is the line strength and E is the energy in Rydbergs.
Eqns.(5,6 and 7) show that the transition rates are sensitive to the accuracy of the energy levels, particularly for forbidden transitions among nearby levels. Thus, we perform further adjustments to the transitions rates by correcting our best calculated energies to experimental values.
In Fig. 1 we plot the gf -values for dipole allowed transitions among fine structure levels computed in the length gauge vs. those in the velocity gauge. We present the gfvalues without PI (a) and with PI (b). The overall agreement between the two gauges is around 5% for log(gf )-values greater than −3 when accounting for PI and greater than 15% without PI. This is a good indicator of the quality of the dipole allowed radiative data.
In Table 3 we present an extensive comparison between the present results and previous lifetimes for the metastable levels 3d
2 D 5/2 and 3d 2 D 3/2 . These levels are of particular astrophysical interest because they yield the prominent spectral lines λλ 7293, 7326Å. Our results including PI and TEC are in excellent agreement with experimental values, while the results that neglect PI are ∼10% too low. Gudjons et al. (1996) In Table 4 we compare the calculated lifetimes for shortlived levels of Ca ii from the present calculations with other theoretical and experimental values. For the lower levels (4p 2 P o 1/2 and 4p 2 P o 3/2 ) the effect of polarization interaction is ∼20%. Overall, the differences between the results of our best model and experimental values are less than 5%, except for the level 5d
2 D 5/2 . For this level, our result agrees with previous independent calculations but is about 40% below the experimental values of Andersen et al. (1970) . A new measurement of this lifetime would be very important.
In Table 5 we present a comparison between calculated and experimental oscillator strengths in absorption. For the calculated oscillator strengths we choose the most complete and representative set of values as well as the most cited. We compare with previous calculations by Vaeck et al. (1992) where they use a multiconfiguration Hartree-Fock method with core polarization included variationally (SECP) using a model potential of the form de- Jin & Church (1993) scribed first by Baylis (1977) and then reviewed by Hibbert (1989) . We also compare with Theodosiou (1989) who used a Hartree-Slater (HS) core potential with semiempirical corrections, Guet & Johnson (1991) In Table 6 we present our electric quadrupole and magnetic dipole transitions probabilities computed including PI and TEC. We compare these with previous calculations of Zeippen (1990) , who used a two-step minimization procedure and semi-empirical term energy corrections using the computer program SUPERSTRUCTURE, Ali & Kim (1988) who used the multiconfiguration Dirac-Fock formalism and Vaeck et al. (1992) . Our results are in good agreement (within ∼2%) with Zeippen (1990) and within ∼13% and ∼8% with respect to Ali & Kim (1988) and Vaeck et al. (1992) . Table 5 . Oscillator strengths for Ca ii. The oscillator strengths from previous calculations of Vaeck et al. (1992) , Theodosiou (1989) , Guet & Johnson (1991) and Brage et al. (1993) , and experimental data from Gallagher (1967) Zeippen (1990) , Ali & Kim (1988) and Vaeck et al. (1992 
Scattering calculations
In the close coupling (CC) approximation the total wave function of the electron-ion system is represented as
where χ i is the target ion wave function in a specific state LS i , θ i is the wave function of the free electron, Φ j are short range correlation functions for the bound (e+ion) system, and A is the antisymetrization operator. The variational procedure gives rise to a set of coupled integro-differential equations that are solved with the Rmatrix technique (Burke et al. 1971; Berrington et al. 1978 Berrington et al. , 1995 within a box of radius r ≤ a. In the asymptotic region, r > a, exchange between the outer electron and the target ion can be neglected and if all long-range potentials beyond Coulombic are also neglected, the reactance Kmatrix and the scattering S-matrix are obtained by matching at the boundary the inner-radial functions to linear combinations of the outer-region Coulomb solutions. Later, the contributions of long-range potentials to the collision strengths are included perturbatively (Griffin et al. 1998) .
We use the LS-coupling R-matrix method that includes mass-velocity and Darwin operators and the polarization model potential. Note that the scattering calculations include one-body relativistic operators while the atomic structure calculations using AUTOSTRUCTURE include two-body operators of the Breit-Pauli Hamiltonian namely (two-body) fine-structure operators and (two-body) non-fine-structure operators.
The S-matrix elements determine the collision strength for a transition from an initial target state i to a final target state f ,
where w = (2L + 1)(2S + 1) or (2J + 1) depending on the coupling scheme, and the summation runs over the partial waves and channels coupling the initial and final states of interest.
In order to derive fine-structure results out of the LScoupling calculation we employ the intermediate-coupling frame transformation (ICFT) method of Griffin et al. (1998) . The ICFT method uses the multi-channel quantum defect theory (MQDT) to generate the LS-coupled unphysical K-matrices. In this approach one treats all scattering channels as open and calculates the term-coupling coefficients (TCCs) to transform the unphysical K-matrices to full intermediate coupling. Finally, we can generate the physical K-matrices on a fine energy mesh. Because all channels are treated as open this method eliminates the problems associated with the transformation of the physical S-matrices with closed channels and consequently yields accurate results for both background and resonances of the collision strengths at all energies.
The computations were carried out with the RMATRX package of codes (Berrington et al. 1995) and also include the dipole polarization potential for the interaction of the valence electron and the core. The set of (N+1)-electron wave functions to the right of the CC expansion in Eq. (8) includes all the configurations that result from adding an additional electron to the target configurations.
In Fig. 2 we compare the collision strengths for different target expansions. For the various close-coupling expansions we include all the terms that arise from the n=3, 4, 5, 6, 7 and 8 configurations. It is interesting to note that by increasing the number of terms in the close-coupling expansion the resonances tend to become better organized and blended, leading to regular broad series of structures. This is because of the increasing number of channels for decay of autoionizing levels. We adopt the expansion up to n=8 for all further calculations.
Partial wave contributions to the summation in Eqn. 3 were included from 162 SLπ total symmetries with angular momentum L = 0 − 40, total multiplicities (2S + 1) = 1 and 3, and parities even and odd. As for the number of continuum orbitals per angular momentum we found necessary to include up to 40. The collision strengths were "topped up" with estimates of the contributions of higher partial waves for the optically allowed transitions based on the Coulomb-Bethe approximation Burgess (1974) and for non-allowed transitions we approximate the top-up with a geometric series. It was verified that by explicitly including partial waves up to L = 40 such "top ups" amount to less than 10% of the total collision strengths for all transitions with the exception of the transitions ng-nf (for n >6) for which the top up is greater than 20%. This is because of the very small energy difference between these terms.
In order to check for convergence of the partial wave expansion one needs to study the high energy behavior for the collision strengths (Ω). In Fig. 3 we plot reduced collision strengths (Ω r ) as function of reduced energy (E r ) following the procedure describe by Burgess & Tully (1992) . This approach allows us to visualize the complete range of energies mapped onto the interval [0,1]. The last point in these graphs represents the infinite energy limit of the collision strengths (E → ∞). For this plot we adopt a scaling parameter C = 1.5. These plots show good progression of the collision strengths toward the high energy limit, which gives confidence on the consistency and quality of the data. Fig. 4 shows the collision strength computed with and without polarization interaction for a sample of transitions between levels of the lowest four multiplets. One can see that the core polarization has an important effect on the collision strengths. We verified through various calculations that such effects come almost entirely from the change in the radial wave functions of the target, while the effects of the dipole polarization operator in the scattering matrix is nearly negligible. The same conclusion was derived by Mitroy et al. (1988) .
The collision strengths were calculated at 22000 energy points from 0 to 4 Ry, with a resolution of 10 −5 Ry in the region with resonances and 5 × 10 −3 Ry at higher energies. This number of points was found sufficient to resolve most resonance structures for accurate calculations of effective collision strengths for temperatures above ∼5000 K. A dimensionless thermally-averaged effective collision strength results from integrating the collision strength over a Maxwellian distribution of electron velocities
where ǫ f is the kinetic energy of the outgoing electron, T the electron temperature in Kelvin and k = 6.339 × 10
−6
Ry/K is the Boltzmann constant. In Table 7 we compare the present effective collision strengths for the 4s→ 4p transition of Ca ii. We show the values obtained by Osterbrock & Wallace (1977) where they used experimental results of Taylor & Dunn (1973) , as reduced to collision strengths by Seaton (1975) . We also present the values from Burgess et al. (1995) as we use their five point cubic spline fitting parameters to tabulate the Υ(T ) using the procedure described in Burgess & Tully (1992) . We compare them with our present calculation without PI in the target representation and in the scattering calculations (w/o PI); without PI in the R-matrix calculations only (PI-S) and with PI. Our best results agree within 11% of Osterbrock & Wallace (1977) values. On the other hand, the results of Burgess et al. (1995) obtained with the non-exchange distorted wave approximation appear overestimated by ∼50%. In this calculation, the Ca II target is represented in the frozen core approximation neglecting polarization. As we pointed out before the main contribution of the dipole polarization potential is in the representation of the target ion. Further, our effective collision strengths when neglecting polarization are overestimated by 30%, in closer agreement with Burgess et al. (1995) .
Conclusions
We have computed radiative data, collision strengths and effective collision strengths for transitions among 41 levels from the n=3, 4, 5, 6, 7 and 8 configurations of Ca ii. The radiative data were calculated using the Thomas-FermiDirac central potential with a model core potential that account for dipole polarization interaction of the valence electron with the core. We also present an extensive comparison between our results and the most recent experiments and calculations for the lifetimes of Ca ii.
Effective collision strengths are available for various temperatures that expand from 3000 K to 38000 K. The whole set of data reported here including energy levels, infinite energy limit Born collision strengths, transition probabilities and effective collision strengths can be obtained in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5), via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J/A+A/ or by request to the authors.
